We have modelled the experimental system based on the subwavelength aperture probe employed in our previous work for terahertz (THz) surface plasmon wave imaging on a bowtie antenna. For the first time we demonstrate the accuracy of the proposed interpretation of the images mapped by the probe. The very good agreement between numerical and experimental results proves that the physical quantity detected by the probe is the spatial derivative of the electric field normal component. The achieved understanding of the near-field probe response allows now a correct interpretation of the images and the distribution of the electric field to be extracted. We have also carried out the first assessment of the probe invasiveness and found that the pattern of the surface plasmon wave on the antenna is not modified significantly by the proximity of the probe. This makes the experimental system an effective tool for near-field imaging of THz antennas and other metallic structures. 
Introduction
Application of the near-field scanning probe microscopy method at terahertz (THz) frequencies (λ = 30-1000 µm) has enabled studies of a range of scientific questions [1] . The method allows spatial resolution to be improved beyond the diffraction limit, as well as detecting evanescent components of the THz field [1] [2] [3] [4] [5] [6] [7] [8] . This capability is particularly suitable for studies of electromagnetic fields in the near-field region of antennas. Several investigations of THz and optical antennas have been performed recently [8] [9] [10] [11] [12] [13] . Antennas provide a possibility to concentrate the electric field in a sub-wavelength region and application of optical antennas enabled challenging studies, such as spectroscopic investigation of individual molecules. The concentrated field in the antenna gap however depends sensitively on the antenna geometry and experimental images of the field distribution in the near-field zone of the antenna are essential for evaluating the antenna performance.
Understanding of the near-field probe interaction with objects is central to the correct interpretation of images. In general, near-field images represent a convolution of the optical field with the near-field probe spatial response, which is often a complex function of the electric field vector and its derivatives, especially if probe modulation techniques are used to improve the method sensitivity. Near-field probes also disturb the optical field and it is important to understand the probe invasiveness.
One of the probes developed for THz near-field microscopy, the integrated subwavelength aperture probe [14] , was recently shown to be sensitive to THz surface plasmon waves [5, 8] . The probe provides the possibility of mapping THz surface plasmon waves with spatial resolution better than 10 microns [14] , and to track the wave propagation in time [5, 8] .
To enable precise analysis of the surface wave phenomena, an understanding of the probe response is essential.
Experimental results discussed in [8] suggested that the near-field images represent the inplane spatial derivative of the surface plasmon field distribution. The spatial derivative nature implies that near-field images may show patterns that are different from the surface plasmon field distribution. For example, a uniform travelling wave is displayed with a phase shift and a standing surface wave confined on small metallic objects, such as an antenna, may show a change in the detected pattern symmetry. The detected field amplitude may also depend on the direction of the surface wave propagation. Analysis of near-field images of test objects suggested that these effects are present and a simplified coupling mechanism was introduced to explain the near-field probe response [8] .
To verify the model of the near-field probe response, here we evaluate the response numerically; the computational approach also allows a preliminary assessment of the question of probe invasiveness. The near-field response is analysed by considering surface plasmon waves on the surface of a bow-tie antenna and comparing the results with experimental images collected by the near-field probe. Our numerical results confirm that the experimental images display the spatial derivative of the surface plasmon field formed on metallic surfaces and show similar field patterns on the surface of the bow-tie antenna with and without the near-field probe present. The invasiveness of the probe only becomes evident near the edges of the antenna. The results show that the integrated sub-wavelength aperture probe can be applied to imaging of surface plasmon waves on patterned metallic surfaces, such as antennas and metamaterials.
Integrated sub-wavelength aperture near-field probe
In the experimental system, the integrated sub-wavelength aperture probe is positioned within several microns of the sample surface ( Fig. 1(a) ). The sample is illuminated from the substrate side by an unfocused THz beam formed by a cylindrical waveguide [8] . The probe contains a GaAs photoconductive antenna detector attached to a transparent substrate (the antenna and the low temperature grown GaAs layer facing the substrate), and a flat thin metallic screen (gold, 600nm) deposited on the back side of the thinned GaAs layer [14] . The screen has a 20µm × 20µm aperture in the centre of the antenna region ( Fig. 1(a), inset) . Details of the probe design, fabrication and its performance with a THz time-domain system are described in [14, 15] . The probe detects only a local value of the THz field in the region of the aperture. A field distribution near the sample surface therefore can be mapped by scanning the sample with respect to the probe. In order to keep the illumination field constant during the scan, the waveguide is attached rigidly to the sample.
The effect of the probe on the sample is equivalent to the effect of an infinite metallic plane positioned parallel to the sample surface, because the screen is large in size (~2mm × 6mm) compared with the bowtie antenna and the illuminating beam. We can also assume that the aperture in the screen does not perturb the field distribution because the aperture is significantly smaller than the wavelength and the sample.
The metallic screen can support surface plasmon waves excited within the sample. Consider a sample that contains a planar bow-tie antenna on a dielectric substrate and plasmon waves excited on the antenna surface by a THz wave incident from the substrate side. The incident wave forms an electric field pattern, which represents travelling and standing surface plasmon waves on the antenna surface ( Fig. 1(b) ). The electric field vector is oriented perpendicular to the surface in the close proximity to the surface and it decays exponentially away from the surface. It is important to consider the effect of the metallic plane of the probe positioned parallel to the antenna surface. Although the field distribution near the antenna is in general affected by the metallic surface, the pattern of the surface plasmon wave is expected to remain similar to the original pattern because the original surface plasmon field satisfies the boundary conditions imposed by the metallic plane. The choice of the bowtie antenna as a sample to analyse in our experiment is justified by its size and shape. The bowtie antenna employed in this work (radius of 300µm) offers a large enough area for correct detection of surface waves; the spectral content of the THz pulse that we use to excite the antenna (1.4 to 2.1 THz) contains frequencies significantly higher than the half-lambda resonance of the bowtie antenna and can therefore produce identifiable patterns. The shape of the antenna enables formation of interference patterns due to reflections travelling from multiple directions. The antenna is also much bigger than the probe aperture, which defines the spatial resolution. We note that detection of surface waves on metallic structures with features comparable in size to the aperture can be ambiguous because, near the edges, the incident field is also detected by the probe.
The sub-wavelength aperture allows a small amount of the surface plasmon wave to couple through it as an evanescent field. This field is measured by the THz photoconductive antenna detector, however the relationship between the detected field and the surface plasmon wave field in the vicinity of the aperture is not direct. According to the coupling mechanism proposed in [8] , the in-plane variation of the surface plasmon field causes a potential difference on the opposite edges of the aperture. The corresponding electric field is in the plane of the aperture and it is proportional to the in-plane gradient of the surface plasmon wave distribution. The THz photoconductive antenna is also oriented in the plane of the aperture and therefore the field coupled through the aperture can be detected by the antenna as a projection of the gradient vector on the antenna axis. The mapping of the field distribution therefore results in an image that combines the surface plasmon wave pattern on the antenna and the incident field distribution.
In the next section we discuss results of numerical simulations to model the integrated near-field probe by a metallic plane positioned at distance of 3 µm away from the bow-tie antenna sample. The surface plasmon field formed by a modelled THz pulse between the antenna surface and the probe surface will be compared to the surface plasmon field formed without the metallic plane present. The results of the simulations will allow verification of the coupling mechanism and a first evaluation of the invasiveness of the near-field probe.
Numerical modelling and simulation
In our previous work we proposed the hypothesis, supported only by a simplified explanation of the coupling mechanism and experimental clues, suggesting that the physical quantity detected by the probe is in fact the spatial derivative of the electric field z component with respect to the direction parallel to the dipole inside the probe (which in our experiment coincides with the y axis). With this simulation we intend to provide, for the first time, conclusive evidence of the accuracy of our hypothesis. For this purpose we model the experimental system based on the sub-wavelength aperture probe and replicate numerically the windowed time domain experiment described in [8] . All numerical simulations are performed using the commercial software CST Microwave Studio and all data pre-and postprocessing is carried out in MATLAB.
An overview of the model structure is shown in Fig. 2(a) , while Fig. 2(b) illustrates the plane wave employed as excitation source. The bow-tie antenna chip has been modelled following the system employed in the laboratory experiment [8] , with the following geometrical parameters: 1) angle of 90°; 2) radius of 300 µm; 3) gap of 10 µm in the midpoint; 4) lossy gold thickness of 300 nm; 5) loss free GaAs substrate height, width and thickness of 1460 µm, 1290 µm and 150 µm respectively. The properties of gold [16, 17] and GaAs [18, 19] are loaded into the simulation model from a CST native library. The basic properties of the two materials are shown in Table 1 and the geometrical parameters are listed in Table 2 together with their values. The modelled probe response must not be affected by reflections inside the substrate or border effects originating at the edges of the substrate. Therefore the size of the substrate has to be large enough to allow the waveform coming from the excitation source to pass over the antenna undisturbed. Two other important factors to be taken into account when deciding the substrate size, concern the computational load and the accuracy of the simulation. If the substrate is too large the accuracy of the results is reduced unless an extremely high number of mesh cells is set for the model with a consequent soaring computational load. In order to honour all these requirements the size designed for the substrate is the smallest possible that still prevents reflections and border effects from affecting the probe within the time window in which its response is analysed.
The presence of the probe over the bow-tie antenna is taken into account by placing an infinite gold plane that acts as z max boundary condition, 3 µm above the substrate. All the other boundary conditions are set to "open (add space)" meaning that some space between the faces of the substrate and the boundary box is filled with background material, air in this case.
In order to further reduce the computational load, two symmetry planes are considered: 1) the [x, z] plane is set to "electric wall" which forces the tangential component of the electric field to be equal to zero; 2) the [y, z] plane is set to "magnetic wall" which forces the tangential component of the magnetic field to be equal to zero. As shown in Fig. 2 (b) the excitation source is modelled as a plane wave propagating forward along the z axis and linearly polarised in the y axis. In order to match the modelling as closely as possible to reality, the waveform employed for the numerical simulation is calculated from the actual signal detected in the laboratory experiment [8] , whose samples are shown in Fig. 3 with black circles, and is imported into the model as an ASCII file. A preprocessing of the detected samples is necessary to make the signal compatible with the software requirements, and consists of four steps: 1) up-sampling to adapt the coarse detected signal to the much finer time step used in the CST default waveforms; 2) removing the abrupt truncations at the start and end points of the function as they would introduce ripples in the frequency domain; this is done by fitting the signal extremities to appropriate sinusoidal signals rapidly decaying to zero; 3) scaling to give the function an amplitude compatible with the typical values employed in the CST default waveforms; 4) removing a small DC component present in the waveform detected in the lab experiment. The experimental samples of the original waveform were detected on the same face of the substrate where the bow-tie antenna lies, but far enough from the antenna and the borders of the substrate to avoid any interference from the antenna response, the reflections inside the substrate or the border effects; the same detection has also been performed numerically to make sure that the signal time of flight and the temporal derivative effect introduced by the probe on the incident field tangent component [8] are properly taken into account. The waveform depicted as a continuous blue line in Fig. 3 represents the signal detected in the simulation on the same plane containing the antenna but far away from any interference. Fig. 3 . The black circles are the samples of the actual signal detected in the laboratory. The waveform depicted as a continuous blue line represents the signal in the simulation arriving at the same detection point. As explained in [8] , far away from any interference, the probe detects the time derivative of the transverse incident field (Ey in this work). The instants t1, t2, t3, t4 are the times at which the field was mapped in the laboratory experiment.
The instants t 1 , t 2 , t 3 , t 4 highlighted in Fig. 3 are the times at which the field was mapped in the laboratory experiment. Thus, in order to compare the experimental and the numerical results, the simulation has to calculate the electric field on the surface of the antenna over a lapse of time containing the instants t 1 , t 2 , t 3 , t 4 . The values of the z component of the electric field calculated 3 µm over the substrate in the instants t 1 , t 2 , t 3 , t 4 are then exported in ASCII files with x step and y step of 1 µm. These ASCII files are then imported in MATLAB to calculate the spatial derivative. The major goal of this work is in fact to demonstrate that the physical quantity detected by the probe is the spatial derivative of the electric field z component on the surface of the antenna. Finally, in order to carry out a comparison with the measurement results, the matrices containing the electric field derivative values are mapped and saved as images.
Results and discussion
The comparison between the measurement and the numerical calculation results is shown in Fig. 4 . The images in the first row represent the patterns mapped with the data collected in the laboratory experiment; in these images we plot the current detected at the output of the photoconductive antenna inside the sub-wavelength aperture probe. The images in the second row are the results of the CST simulation followed by the MATLAB post-processing and display the spatial derivative of the electric field z component. Since the probe in general detects the combination of the normal and the tangent components, the comparison is valid only on the metallic surface of the bowtie antenna, where no incident field is present. The good agreement between numerical calculation and experimental results demonstrates that the physical quantity detected by the probe is indeed the spatial derivative of the electric field of the surface wave. It is important to note that the experimental images obtained with the sub-wavelength aperture probe are not expected to depend on the aperture size as long as the aperture is significantly smaller than the wavelength and smaller than the sample features. It was shown previously that an incident THz pulse (E x ) detected by the sub-wavelength aperture probes with different aperture sizes, shows the same waveform shape [20] , i.e. the probe frequency response scales by a constant if the aperture size is varied. Based on the coupling model proposed in [8] , we expect that the frequency response to the E z component, similarly to the response to E x component, maintains its functional frequency dependence if the aperture size is varied. As a consequence, the detected images and time-domain waveforms are not expected to depend on the probe aperture size. This conclusion is consistent with the result of our modelling in which we make no assumption about the aperture size except that it is substantially smaller than the wavelength. Smaller apertures, of course, improve the spatial resolution, whereas the patterns themselves are not affected. We note that the amplitude of the detected signal decreases with the aperture size.
In Fig. 5 we also show the good agreement between the time-domain waveform detected in the laboratory experiment (black circles) on the metal of the antenna at a distance of 175 µm from the centre of the gap and the time-domain waveform of the electric field z component spatial derivative dE z (t)/dy obtained in the simulation (continuous blue line) at the same location. The comparison is only valid before the instant 7 ps indicated by the dashed red line because, after this instant, the reflections originated at the faces of the substrate reach the antenna and cause interference in the simulation. As we explain in section 3, the substrate in the numerical model has been designed significantly smaller than the real substrate employed in the laboratory experiment, in order to reduce the computational load; as a consequence the reflections are detected earlier in the simulation than in the real experiment. The mapping of the field distribution on THz antennas allows application of near-field imaging in further studies of antenna analysis and design. For instance it would be important to establish whether and how the patterns mapped with the probes can be related to intrinsic properties of the antennas. In our future work we will perform a thorough study about the invasiveness of the probe and how to extract from our measurement the information concerning the real scenario without the presence of the probe. In order to carry out a first assessment of the invasiveness of the probe on the surface plasmon wave during the considered window of time, we run a second simulation to calculate the distribution of the electric field over the antenna when the probe is not present. The z max boundary condition over the antenna is therefore changed to "open (add space)".
The comparison between the electric field z component on the antenna at the time t 1 , t 2 , t 3 , t 4 with and without the probe is illustrated in Fig. 6 . The presence of the metallic plane 3 µm over the antenna seems to support the normal component of the electric field resulting in larger values of the field, as is evident from the scale on the colour bars in Fig. 6 . The difference in amplitude is though not important as long as the pattern of the electric field distribution is not affected significantly by the probe. The colours in the case without probe have been saturated to highlight the distribution pattern and allow a comparison. Apart from a border effect, that is worth further investigation, the distribution of the electric field within this early window of time has not changed significantly, with maxima and minima still present in the same locations. 
Conclusion
The response of the integrated sub-wavelength aperture probe has been modelled and measured for the case of a bow-tie THz antenna on a dielectric substrate. The simulation results provide, for the first time, conclusive demonstration that the physical quantity detected by the probe is the spatial derivative of the electric field normal component. The achieved full understanding of the near-field probe response allows now a correct interpretation of the images and the distribution of the electric field to be extracted.
A preliminary assessment of the invasiveness of the probe within the considered window of time, with respect to the field distribution, has also been carried out for the first time, by running two numerical simulations with different boundary conditions over the antenna. The "border effect" introduced by the probe does not modify significantly the field distribution on the surface of the antenna but needs additional explanation and will be further investigated. Some of the future research work will perform a thorough study about the invasiveness of the probe and try to establish whether and how the patterns mapped with the probes can be related to intrinsic properties of the antennas, which would provide, among other things, effective new tools to assist THz antenna analysis and design.
